Abstract A number of studies have been conducted to improve chromophore maturation, folding kinetics, thermostability, and other traits of green fluorescent protein (GFP). However, no specific work aimed at improving the thermostability of the yellow fluorescent protein (YFP) and of the pH-sensitive, yet thermostable color variants of GFP has so far been done. The protein variants reported in this study were improved through rational multiple site-directed mutagenesis of GFP (ASV) by introducing up to ten point mutations including the mutations near and at the chromophore region. Therefore, we report the development and characterization of fast folder and thermo-tolerant green variant (FF-GFP), and a fast folder thermostable yellow fluorescent protein (FFTS-YFP) endowed with remarkably improved thermostability and folding kinetics. We demonstrate that the fluorescence intensity of this yellow variant is not affected by heating at 75°C. Moreover, we have developed a pH-unresponsive cyan variant AcS-CFP, which has potential use as part of in vivo imaging irrespective of intracellular pH. The combined improved properties make these fluorescent variants ideal tools to study protein expression and function under different pH environments, in mesophiles and thermophiles. Furthermore, coupling of the FFTS-YFP and AcS-CFP could potentially serve as an ideal tool to perform functional analysis of live cells by multicolor labeling.
Introduction
Green fluorescent protein (GFP), originally isolated from the jellyfish Aequorea victoria, has been the subject of continued interest since its gene was first cloned in 1992 (Prasher et al. 1992) . The high stability of mature GFP under various environmental conditions, the spontaneous autocatalytic generation of the fluorophore of GFP, and the possibility to manipulate by mutagenesis its spectral properties make GFP and its related proteins attractive tools for numerous biological applications (Tsien and Prasher 2000) . The spontaneous generation of the fluorophore is achieved by cyclization of the tripeptide Ser65-Tyr66-Gly67, leading to the formation of a heterocyclic imidazolinone ring, followed by oxidation of Tyr66 in the presence of molecular oxygen (Heim et al. 1994; Tsien 1998) . The fluorophore becomes non-fluorescent upon denaturation indicating the importance of proper folding of the protein for its function (Stepanenko et al. 2013) .
The yellow fluorescent protein (YFP) variant is of particular interest because its spectrum is sufficiently shifted so as to render it readily distinguishable from that of the donor cyan fluorescent protein (CFP) in FRET measurements (Miyawaki et al. 1997) . Several studies have been reported on the improvement of YFP folding and sensitivity with respect to environmental parameters such as pH and Cl − (Geldner et al. 2009; Jayaraman et al. 2000) . A widely used variant of YFP, named "Venus," contains a set of mutations, among which Phe46Leu that accelerate the rate of oxidation of the chromophore, thus leading to a better folding and maturation at 37°C compared to YFP (Nagai et al. 2002) . However, the thermostability of YFP has not been considered so far, since the improvements are tuned to the physiological temperature of mesophiles and no comprehensive and rigorous attempts have been made to improve the thermostability of YFP despite the potential interest in using YFP as reporter of protein expression under thermophilic conditions. Moreover, in an effort to develop GFP variant with enhanced pH-insensitivity, Miesenbock et al. (1998) introduced some changes of the amino acids known to be part of the proton relay network of Tyr66 or amenable to change the excitation spectrum of the protein. These mutations, which were introduced through a rational design based on crystallographic studies, generated two types of reporters, termed pHluorins. However, the developed variants were tuned to operate under physiological conditions and are not suitable for use under thermophilic conditions. Here, we report on the development of GFP variants with improved thermostability and folding kinetics. We also provide a detailed characterization of the physicochemical properties of the engineered GFP mutants and discuss the expanded range of applications provided by their biological properties.
Materials and methods
Site-directed multiple mutagenesis of gfp, the gene coding for green fluorescent protein
Oligonucleotide primers (listed in Table S1 ) were purchased from SIGMA-Genosys®. Plasmid purification was carried out using DNA-miniprep plasmid DNA purification kit (SIGMA-ALDRICH). Mutations at serine 30 (S30R), tyrosine 39 (Y39N), phenylalanine 64 (F64L), and glycine 65 (G65T) were introduced following the Quickchange TM site-directed mutagenesis method (Stratagene) using a pair of complementary primers carrying the appropriate nucleotide substitutions. Forward primer P1 and reverse primer P2 were used to introduce the double mutation F64L and G65T, which yield a version of the protein known as "enhanced GFP" (Patterson et al. 1997 ). All the other described mutations were introduced in gfp using a method called transfer PCR (TPCR), where a number of forward mutagenic primers are used simultaneously along with one distal reverse primer, with the aim of introducing multiple mutations in a single PCR reaction (Erijman et al. 2011) . All TPCR mutagenesis reactions were performed in a final volume of 25 μl and included the following components: 13 ng of plasmid DNA pGFP (ASV), 20 nM of both forward and reverse primer, 200 μM of each dNTP, Pfu-Buffer (20 mM Tris-HCl (pH 8.8 at 25°C), 10 mM KCl, 10 mM (NH 4 ) 2 SO 4 , 2 mM MgSO 4 , 1.0 % Triton X-100, and 1 mg/ml nuclease-free BSA), and 2.0 U of Pfu DNA polymerase (Fermentas). The conditions for TPCR used in our study were as follows: a single denaturation step (95°C, 1 min) followed by 13 cycles of denaturation (95°C, 30 s), annealing (60°C, 1 min), and elongation (72°C, 1.5 min), followed by 20 additional cycles of denaturation (95°C, 30 s), annealing (67°C, 1 min), and elongation (72°C, 4 min) and a final elongation step of 7 min at 72°C. At the end of the reaction, 10 U of DpnI were added to 10 μl of the TPCR reaction, and following incubation at 37°C for 2 h, the DpnIdigested DNA was directly transformed into competent Escherichia coli DH5α cells prepared as previously described (Inoue et al. 1990 ). The resulting colonies were propagated on solid media containing ampicillin (70 μg/ml). Before subsequent use, plasmids were extracted and the DNA sequence of the whole gfp gene was verified.
Expression and purification of protein variants
To obtain the expression of GFP variants in E. coli, a single colony was inoculated overnight at 37°C in 5 ml of LB medium supplemented with 100 μg/ml of ampicillin. A 1:750 dilution was made to a needed volume of prewarmed LB medium containing ampicillin and the culture was left to grow for 6 to 8 h at 37°C on water bath shaking at 200 rpm. After about 4 h of growth following the stated conditions, the culture turned from yellow to a greenish color that could be easily viewed by the naked eye. This constitutive, non-IPTGbased GFP expression could be reproduced also at 30°C. Cells overproducing GFP were harvested by centrifugation and washed once with TE buffer (pH 8.0). The protein was extracted from the cell pellet using B-PER® II Bacterial Protein Extraction Reagent, which effectively extracts soluble proteins and removes most of the soluble protein from the inclusion bodies (Pierce Chemical Company, USA). All the mutant proteins except the cyan variant and the parental protein (GFP-ASV) were heat-treated at 65°C for 15 min, causing denaturation and precipitation of most of the E. coli proteins but not GFP. The heat-treated extract was centrifuged at 14,000 rpm in SS-34 rotor (Sorvall) for 15 min at 4°C to remove the denatured proteins. The optimum ammonium sulfate concentration necessary to get rid of contaminating proteins was determined by adding different concentration of the salt to an aliquot of the supernatant and its effect on fluorescence of GFP and precipitation of the proteins was followed. Accordingly, the salt concentration which left the fluorescence of the proteins intact as compared to fluorescence of the nontreated aliquot while precipitating other bacterial proteins was chosen. Thus, (NH 4 ) 2 SO 4 was added to supernatants to a final concentration of 1.5 M for the parental GFP (ASV) and 2 M for the mutant variants. When the salt was completely dissolved, the solution was centrifuged at 14,000 rpm in SS-34 rotor (Sorvall) for 15 min at 4°C to remove the precipitated proteins. The supernatant thus obtained contained GFP at the ammonium sulfate concentration required for the next step of purification.
Hydrophobic interaction chromatography
The supernatant described in the previous section was loaded onto a column packed with phenyl-sepharose equilibrated with either 1.5 or 2 M (NH 4 ) 2 SO 4 in TE (10 mM Tris-HCl; 1 mM EDTA, pH 8.0) using ÄKTA Avant 25 fast performance liquid chromatography (FPLC) equipped with UNICORN™ 6 control software (GE Healthcare Life Sciences). Following extensive wash of the column with the equilibration buffer, the protein was eluted using a linear salt gradient from equilibration buffer in TE pH 8.0 to TE pH 8.0 (no salt) at a flow rate of 5 ml/min. Fractions corresponding to the elution peak were pooled and aliquots were loaded on 12 % SDS-PAGE to confirm the electrophoretic purity (Fig. S1 ).
Characterization of the purified GFP mutant proteins: measurement of physicochemical properties Absorption spectra at different pH Aliquots of the proteins were added to a 0.1 M phosphate-citrate buffer solution (Pearse 1980) at different pH (8.0, 7.4, 7.0, 6.0, 5.4, 4.8, and 3.8) to a final concentration of 1.2 μM. The preparations were then split into two, one part to study absorption and the other to determine emission spectra. Accordingly, 200 μl of each protein at different pH were added into a 96-well UVMicroplate in two replicas. The absorption spectra were recorded in the range of 300 to 550 nm at 25°C using BioTek® PowerWave HT microplate spectrophotometer (BioTek Instruments). The experiment was repeated at least twice.
Emission spectra at different pH The emission spectra of the protein variants were recorded at different pH (8.0, 7.4, 7.0, 6.0, 5.4, 4.8, and 3.8) in 1 ml of phosphate-citrate buffer solution containing 1.2 μM of each protein. The data were recorded at 25°C using Shimadzu RF-5301PC spectrofluorophotometer (Shimadzu, Japan) by exciting the fluorophore at the wavelength at which maximum absorption was recorded for each protein in TE buffer (pH 8.0). Thus, the excitation wavelengths were 440 and 500 nm for cyan and parental fluorescent proteins; 490 nm for GFP30R, GFP39N, and fast folder and thermo-tolerant GFP (FF-GFP); and 510 nm for fast folder thermostable yellow fluorescent protein (FFTS-YFP), respectively. The experiment was carried out in two replicas and repeated twice.
Determination of molar extinction coefficient, fluorescence quantum yield, and pKa values The molar absorptivity (extinction) coefficient was determined by measuring the absorption of increasing concentration of the proteins at absorption maxima of the fluorophore in 1-cm path-length quartz cuvette at 25°C using BioTek® PowerWave HT Microplate Spectrophotometer (BioTek Instruments). The extinction coefficient was computed using Lambert-Beer law. The quantum yield (Φ) of GFP mutants was computed by comparison of the integrated fluorescence intensities (peak areas) of the mutant proteins in TE (pH 8.0) with the corresponding value of the reference compound, quinine sulfate with known quantum yield (Φ =0.54) in 0.1 M H 2 SO 4 .
The following formula was used to calculate the quantum yield:
Where Φ, I, and η represented the quantum yield, slope of integrated fluorescence intensity, and refractive index, respectively (x and s stand for unknown sample and standard quinine sulfate).
Measurement of the acid dissociation constant (pKa)
Since the formation of fluorophore can be monitored by measuring absorbance at the excitation of fluorescence at emission maximum, such changes upon pH shift were monitored to estimate pKa values. The absorbance measurement at different pH was done as described above. The absorbance at the excitation maxima at each pH was plotted and pKa values were determined by fitting the data to the HendersonHasselbalch equation:
Where L max is the absorbance or fluorescence plateau at pH of maximum absorbance or fluorescence and n is the Hill coefficient, which remained n=1.
Thermal stability
For thermostability assays, 3.75 pmol of each variant of GFP was placed in a real-time thermal cycler test tube containing 50 μl of Zietkiewicz buffer (40 mM Tris-HCl, pH 7.8; 50 mM NaCl; 20 mM KCl; 20 mM MgCl 2 ; 5 mM β-mercaptoethanol; 10 % glycerol) (Zietkiewicz et al. 2004 ) and were subjected to heating at 75, 85, and 90°C in a Q-PCR machine (Mx3000P Stratagene) equipped with a FAM filter set at 492 nm (excitation) and 516 nm (emission) wavelengths. Fluorescence values were normalized by dividing each value by the initial fluorescence measured at 25°C before heattreatment at the respective temperatures.
Refolding kinetic of GFP variants
The refolding kinetic was studied by denaturation (at 95°C for 5 min) of 3.75 pmol of GFP variants in test tubes containing 50 μl of Zietkiewicz buffer (Zietkiewicz et al. 2004 ) in a real-time Q-PCR machine. Changes of the fluorescence intensity were monitored using a FAM filter set at 492 nm (excitation) and 516 nm (emission) wavelengths, respectively.
GenBank accession numbers
The DNA and protein sequences of the three variants of green fluorescent proteins were deposited in the GenBank with the following accession numbers: FF-GFP (GenBank accession no. JX472995), FFTS-YFP (GenBank accession no. JX472996), and acid-stable cyan fluorescent protein (AcS-CFP) (GenBank accession no. JX472997).
Results

The developed green fluorescent protein mutants
A number of green fluorescent protein (GFP) mutants were developed starting from GFP (ASV), which originally contained the GFPmut3b mutations (Ser65 to Gly and Ser72 to Ala) and the three additional aminoacids Ala, Ser, and Val at the C-terminus (Andersen et al. 1998) . GFP (ASV), in spite of not being a bona fide wild-type Aequorea GFP protein, since it carries a number of mutations as compared to the actual wild type, will be referred to as starting/parental material in this study. Based on the effects displayed by a wide range of known mutations targeting fluorescent proteins, we introduced a set of amino acid changes through site-directed single and multiple mutagenesis. Accordingly, a large set of mutants was generated and the corresponding protein variants were purified and analyzed to determine their spectral features. The fluorescent proteins displaying improved properties were: GFP30R (S30R, F64L, and S65T), GFP39N (Y39N, F64L, and S65T), FF-GFP (Y39N, F64L, S65T, F99S, N105T, Y145F, M153T, V163A, and I171V), AcS-CFP (Y39N, S65T, Y66W, F99S, N105T, Y145F, M153T, V163A, and I171V), and FFTS-YFP (Y39N, F64L, S65T, F99S, N105T, Y145F, M153T, V163A, I171V, and T203Y) ( Table 1 ). In the schematic three-dimensional structure shown in Fig. 1 , the relevant substitutions of the five variants are indicated on the backbone of the secondary structure elements (11 β-sheets and 6 alpha helix) that compose the barrel of the fluorescent proteins.
The physicochemical properties of the mutants The fluorescence and absorbance properties of various GFP mutant proteins were strongly pH dependent. All proteins showed maximum absorbance (Fig. 2a-f ) and fluorescence ( Fig. 3a-f ) at pH 8.0, though the variant AcS-CFP showed maximum absorbance at pH 8.0 but not for fluorescence ( Fig. 3e ; Table 2 ). Besides, double absorbance peaks were recorded in the spectra (300-550 nm) for all GFP variants except for AcS-CFP (Fig. 2e ). Titrations were done using purified mutant proteins to determine to which extent the pH-dependent spectral properties had been modified by mutagenesis (Figs. 2 and 3). As reported in Fig. 3 , the shape of the fluorescence spectra of the proteins did not change significantly with pH and all variants did not show any significant fluorescence loss as pH drops from 8 to 7, while the intensities decreased progressively when the pH was lowered (Table 2 ). In the pH range from 6 to 5.4, about all proteins lost their 50 % of fluorescence, while AcS-CFP was found to be unresponsive to pH fluctuation and displayed only a 15 % decrease at pH 3.8 (Figs. 3 and 4) .
The purified GFP mutant proteins were characterized by different fluorescence quantum yields that, in combination with their large extinction coefficients, result in brightness values higher than those reported for parental GFP ASV (Table S2 ). The physicochemical properties of all variant proteins are described in detail in Supplementary Figs. S2 and S3 and they are also summarized in Table S2 . When the properties of the yellow variant FFTS-YFP were analyzed, it was found a marked red-shift of excitation and emission wavelengths (λ ex =510 nm, λ em =528 nm) and a higher quantum yield (Φ=0.68), compared to the other mutants. The value of fluorescence quantum yield provides a measure of the emission efficiency of a given fluorophore. If a given fluorophore of a protein emits all the photons it absorbed at a given wavelength then it means fluorophore's emission efficiency is 1 (or 100 %). Thus, the higher the quantum yield the better the emission efficiency is. Emission efficiency of GFP fluorophore is affected by the folding and stability of the protein and the microenvironment of the electrons around the chromophore (Stepanenko et al. 2013) , therefore any mutation which affects the structure of the protein or the amino acid composition surrounding the chromophore will directly affect the absorption and emission efficiency of the fluorophore. The highest fluorescence quantum yield was recorded for FFTS-YFP (Φ=0.68) displaying about fourfold increase of brightness compared to parental GFP (ASV) (Φ=0.44, brightness 17.10) followed by FF-GFP (Φ=0.64, brightness 46.06), and comparable to other prominent fluorescent proteins like EGFP (Φ=0.67 brightness 33.6) and emerald (Φ=0.68, brightness 37.3) (Table S2) . 
Single letter code aminoacids highlighted in bold and underlined correspond to the mutations described in this study, taking the protein sequence of GFP (ASV) as a reference
References for mutations: S30R, 39N, F99S, N105T, Y145F, M153T, V163A, I171V (Pédelacq et al. 2006 ); F64L (Cormack et al. 1996 and Zhang et al. 1996) , S65T (Heim et al. 1995 and Zhang et al. 1996) , Y66W (Heim et al. 1994) , and T203Y (Miyawaki et al. 1997) a GenBank: AEH43767.1
b Accession: ACO48266.1 c GenBank: U55761 The unfolding kinetics and half-lives of GFP mutants at 75, 85, and 90°C
The experimental condition common for all experiments was that 3.75 pmol of each green fluorescent protein variants was placed in 50 μl of Zietkiewicz buffer (Zietkiewicz et al. 2004) and their fluorescence recorded in real-time at 75, 85, and 90°C using a Q-PCR machine with FAM filter set at 492 and 516 nm, excitation and emission wavelengths, respectively. As indicated in Table 3 and Fig. 5 , GFP (ASV) along with the two intermediate variants, GFP30R (S30R, F64L, and S65T) and GFP39N (Y39N, F64L, and S65T), showed high degree of unfolding kinetics and low half-lives at the respective temperatures. Though, the intermediate variants did show improved performance at 75 and 85°C as compared to the parental GFP but not up to the expected values. Therefore, the highest rates of unfolding kinetics and the shortest half-lives displayed by the variants imply that these mutants cannot be used to study protein expression at elevated temperatures. To generate the fast folder and thermo-tolerant GFP (FF-GFP), the mutations introduced on the starter protein GFP39N were "cycle-3" mutations (F99S, M153T, V163A) (Crameri et al. 1996) and part of superfolder mutations (N105T, Y145F, I171V) (Pédelacq et al. 2006) . The resulting mutant FF-GFP, which bears nine point mutations as indicated in Table 1 and Fig. 1c, was The absorption spectra were read using a 96-well UV-Microplate in the range of 300 and 550 nm at 25°C. Spectral data were normalized at the maximum absorbance peak as compared to the parental protein and other mutants (Table 3 ; Fig. 5 ). In light of its improved traits, the variant was used as a starter to develop the yellow fluorescent version, named fast folder thermostable yellow fluorescent protein (FFTS-YFP). The acid-stable cyan fluorescent protein (AcS-CFP) (Y39N, S65T, Y66W, F99S, N105T, Y145F, M153T, V163A, and I171V) is a blue-shifted fluorescent protein, which contains nine point mutations including Y66W, a residue located inside the chromophore (Heim et al. 1994 ) ( Fig. 1d; Table 1 ), and displays excitation and emission maxima at 440 and 480 nm, respectively. This protein variant was e v a l u a t e d m a i n l y f o r p H -s e n s i t i v i t y u s i n g a spectrofluorophotometer at the indicated wavelengths (Figs. 3 and 4) . Its thermal stability was only surmised from visual inspection because the fluorescence detector present in the Q-PCR apparatus used in the study is limited by having only one filter set with the lowest excitation and emission wavelengths (FAM/SYBR GREEN® I filters with Ex=492 and Em=516 nm), a range which does not allow the detection of the cyan fluorescent protein (CFP). Nonetheless, it is worth mentioning that unlike the parental protein, the CFP variant maintained its fluorescence even after being treated at 75°C for 5 min. Under these conditions, the protein precipitated without losing fluorescence, indicating that the heat treatment did not fully denature the protein, unlike other nonthermostable GFP variants which tends to loose fluorescence upon heat treatment because of unfolding of the active site. Nonetheless, repeated attempts to resuspend the protein in its soluble form did not produce a consistent recovery of AcS-CFP, suggesting that the heating process induced an irreversible aggregation phenomenon. Further experiment needs to be carried out to understand the behavior of this particular mutant. Indeed, the fluorescence of this variant could be traced using the spectrofluorometer after heating the sample at the temperature of interest. AcS-CFP, and f FFTS-YFP. The excitation wavelengths used were at absorption maxima of each fluorescent protein: 500 nm for a, 490 nm for b, c, and d, 440 and 510 nm for e and f, respectively. Spectral data were normalized at the maximum fluorescence peak However, because of the lag-period between taking the sample and determining the fluorescence at room temperature, the protein tends to renature fast thereby leading to wrong conclusion. Thus, one cannot compare the data generated by this approach with those recorded in real-time, using Q-PCR machine.
The FFTS-YFP is the far red-shifted yellow variant of FF-GFP containing ten point mutations: Y39N, F64L, S65T, F99S, N105T, Y145F, M153T, V163A, I171V, and T203Y. Replacement of threonine 203 with tyrosine is known to induce changes of the excitation and emission maxima (19) (Figs. 1e and 3f and Table 2 ). It was named FFTS-YFP because of its extraordinary traits such as a remarkable stability at 75°C and very long half-life at high temperatures (73 and 10.67 min at 85 and 90°C, respectively). The FFTS-YFP has also shown the lowest unfolding rate at 85 and 90°C with rate constant k=0.1 and 0.34×10 −2 s 1 , respectively (Table 4 ; Fig. 5 ). Overall, these properties make FFTS-YFP a variant with very peculiar characteristics. The FFTS-YFP contains six additional mutations, compared to the YFP variant called Venus (Nagai et al. 2002) and ten amino acid substitutions compared to the widely used EYFP (Table 1) . Thus, the targeted introduction of a selected number of mutations has conferred remarkably high thermostability to this mutant of yellow fluorescent protein.
Refolding kinetics of GFP variants
A thermal denaturation challenge, as shown in Fig. 6a, b , was used to study the refolding kinetics of the GFP variants. The , respectively (Table 4 ; Fig. 6 ). The FFTS-YFP also displays the highest fluorescence recovery (61.5 % of the initial fluorescence) after 10s incubation at 25°C post heat denaturation while the fluorescence recovery of FF-GFP under the same conditions was 50 % (Table 4) . The kinetic parameters were computed as described under "Experimental Procedure" section a This protein maintained 100 % fluorescence after prolonged treatment at 75°C (>20 min) 
Discussion
The mutations described in this study were selected on the basis of a rational design that took into account the physicochemical and biological features of the GFP variants described so far. As a result of this protein engineering approach, we obtained molecules with significantly improved properties as discussed below. The mutations introduced into green fluorescent protein proved to have greatly increased the thermostability of the resulting variants compared to the parental protein, GFP (ASV). The GFP30R and GFP39N mutant proteins are endowed with a better relative stability at 75 and 85°C compared to the parental protein but show only slight differences as far as the rate of denaturation and half-lives at 75, 85, and 90°C are concerned. The GFP39N, on the other hand, displays a very little increment of its stability at the indicated temperatures. These results indicate that these two mutations induced on the protein structure relatively little effects in terms of thermotolerance as compared to the parental GFP. Since GFP39N variant has a brighter fluorescence phenotype compared to GFP30R, this construct was taken as the starting point for subsequent multiple site-directed mutagenesis. Besides, nonsignificant variation between GFP30R and GFP39N was also reported by Pédelacq et al. (2006) . Most of the variants displayed maximum of fluorescence in a range of pH between 8 and 7. As mentioned in the "Results" section, the mutations introduced in three variants increased the tolerance to acidic conditions as compared to the parental material, GFP (ASV). Besides, the mutant protein AcS-CFP is almost unresponsive to pH fluctuation as opposed to other color variants. Indeed, such pH-insensitivity rather makes the variant ideal for applications in multicolor labeling in tandem with EYFP or red-shifted GFP mutants and also as a FRET partner in combination with YFP to study to study proteinprotein interactions (Bizzarri et al. 2009; Mitra et al. 1996) . Another possible application of this variant might be in the in vivo study of acidic bacteria that colonize and thrive in gastrointestinal tract.
In the case of the FFTS-YFP, however, the introduced mutations did not help to withstand acidic pH, thus this fluorescent variant (pKa=7.4) showed the same sensitivity as the parental material YFP (pKa=7.1) (Llopis et al. 1998 ). The enhanced GFP variant (EGFP) with F64L/S65T mutations was reported to be pH sensitive with pKa value of 5.8 (Zhang et al. 1996; Kneen et al. 1998) . However, the low pKa value of EGFP makes it rather unsuitable for monitoring pH in subcellular components like mitochondria, whose matrix is known to have pH≅8 (Mitra et al. 1996) . Even if GFP39N and FF-GFP share the two mutations F64L/S65T with EGFP, the variation in pKa value shows that the additional mutation at Y39N apparently helped to retain the pKa values of GFP (ASV), the parental protein with pKa=6.9. The renowned, ratiometric pHlourin GFP variant (RaGFP) with mutation at S202H was reported to have identical pKa value as that of nd Not determined in this study, nr not reported a The method used for real-time monitoring using a Q-PCR machine is described under the "Experimental Procedure" section b (Nagai et al. 2002) c Superfolder GFP (Pédelacq et al. 2006 ) Fig. 6 Measurement of refolding rate of GFP variants. Changes of the fluorescence intensity of the parental GFP and the developed variants were measured in real-time at 25°C after heat denaturation at 95°C for 5 min in PCR test tubes containing 50 μl of Zietkiewicz buffer (Zietkiewicz et al. 2004 ). The refolding kinetics are shown on a short (10 s) and long (120 s) time scale (panels a and b, respectively). Data were obtained using a Q-PCR apparatus with FAM filter set at 492 and 516 nm, excitation and emission wavelengths, respectively. The fluorescence signal was normalized by dividing each value by the initial fluorescence value measured at 25°C before heat denaturation. The computed values represent the mean of normalized values of at least three replicates GFP39N and FF-GFP (pKa=6.9) (Miesenbock et al. 1998) . The RaGFP has been suggested to be a good candidate for indirect pH measurement based on ratiometric principle, which is the measure of the ratio of the protonated to deprotonated state of the chromophore in response to changing pH (Schulte et al. 2006; Bizzarri et al. 2007 ). The improved variant described in this study was found to have ratiometric behavior, as well. Using a similar approach, Llopis et al. (1998) reported that EYFP, due to its pKa value of 7.1, was more suitable for cytosolic, Golgi, and mitochondrial matrix measurements, implying the potential use of the new variants GFP39N and FF-GFP in subcellular component/organelles. The FFTS-YFP with pKa = 7.4 could ideally be used as an intracellular pH indicator in eukaryotic cells known to have pH in the range of 7.1-7.4 (Hunte et al. 2005) . Overall, we can state that the variants, carrying selective and appropriate mutations, are able to clearly respond to pH fluctuation, thereby heralding the potential use of such mutant proteins as noninvasive intracellular pH indicators. The yellow fluorescent protein FFTS-YFP, which is the far red-shifted variant of FF-GFP, proved to be an extraordinary variant with marked thermal stability, maintaining 100 % of its initial fluorescence at 75°C, throughout the experimental period (20 min), high fluorescence quantum yield and brightness. Furthermore, at 85°C, the variant was about 186-, 90-, 92-, and 22-fold more stable than GFP (ASV), GFP30R, GFP39N, and FF-GFP, respectively. At 90°C, the increased stability of FFTS-YFP with respect to the aforementioned proteins was about 149-, 43-, 41-, and 9-fold, respectively. These features are somewhat similar to the fluorescent variant eCGP123 obtained by in vitro directed evolution (Kiss et al. 2009 ), although the thermal denaturation of this protein was measured using a different experimental procedure. The eCGP123 preserved almost full fluorescence after overnight incubation at 80°C and possessed a free energy of denaturation of 12.4 kcal/mol. However, the refolding kinetic reported for the eCGP123 is ten times slower than the two variants FF-GFP and FFTS-YFP described in this study. The application of stable variants of GFP has been demonstrated by Cava et al. (2008) . These authors have found that the superfolder (sGFP), but not enhanced GFP (EGFP), was functional in the extreme thermophile Thermus thermophilus. Interestingly, the yellow mutant fast folding thermostable YFP (FFTS-YFP) has nearly overlapping physicochemical properties with sGFP. The mutant developed in this study showed enhanced property without the need of protection or support from any chaperones, unlike the ones expressed in vivo, which require chaperone assistance for proper folding and stability. In fact, Schlee and Reinstein (2002) reported that proteins expressed in T. thermophilus require the assistance of DnaK/ClpB molecular chaperones systems to fold properly and a report by Zhou et al. (2012) demonstrates the absolute requirement of polyamines for the synthesis of the super-thermostable green fluorescent protein (stGFP) at high temperatures.
Based on the solid evidences reported in the "Results" section, we hypothesize that FFTS-YFP, which displays remarkable thermostable and fast folders features, represents an ideal tool to investigate and understand the gene dynamics in the less exploited thermophiles as well as in mesophiles.
All variants (GFP30R, GFP39N, FF-GFP, and FFTS-YFP) have acquired a faster refolding rate compared to the parental GFP (ASV) protein with FFTS-YFP being the fastest of all. The FFTS-YFP as compared to Venus (Nagai et al. 2002) and the widely used EYFP variant has six and ten additional mutations, respectively. However, mutations F46L and S175G which are present in Venus are not present in FFTS-YFP. Nagai et al. (2002) stated that F46L accelerates the oxidation step, leading to the enhancement of fluorescence development of YFP at 37°C, in vivo and that S175G improves the folding. Yet, the rate of refolding of FFTS-YFP (k= 4.85×10 −1 s −1 ) unlike that of Venus (k=0.562×10 −1 s −1 ) (Geldner et al. 2009 ) is comparable to that of the superfolder fluorescent protein, SF-GFP (k=5.0×10
) (Crameri et al. 1996) . Such remarkable refolding rate of FFTS-YFP makes the variant the fastest yellow version of GFP ever reported. It appears that the cocktail of mutations which combined "cycle-3," enhanced-GFP and part of superfolder GFP has given this variant special structural conformation, thereby conferring upon the protein an extraordinarily stable resistance to heatshock. Structural elucidation at atomic resolution by X-ray diffraction could ultimately yield clues as to the peculiar conformation attained by this protein as a result of the mutations introduced. In turn, this could pave the way for further applications through the rational design and development of fluorescent variants displaying novel and superior properties.
